Background: CEACAM1, a cell-cell adhesion molecule that induces lumen formation, requires phosphorylation on Thr-457 for its function. Results: Biochemical and RNAi approaches identified that CaMKIID was responsible for phosphorylation of Thr-457 and lumen formation. Conclusion: CaMKIID, up-regulated during lumen formation, is associated with CEACAM1-mediated apoptosis, a key feature of lumen formation. Significance: Lumen formation, a hallmark of epithelial cells, is lost upon malignant transformation.
Mammary morphogenesis, a process that includes formation of acini that secrete milk into a central lumen, can be mimicked by growth of normal mammary epithelial cells in a three-dimensional culture in which Matrigel is used as a source of extracellular matrix (1) (2) (3) . This model system allows the identification of key molecules and processes that allow individual cells to migrate and form acini that undergo lumen formation by an apoptotic process (4), followed by expression and secretion of the components of milk. In addition to providing insights into this important biological process, when the basic step of lumen formation does not occur properly, the model resembles the early stage of breast cancer known as ductal carcinoma in situ. We, and others, have utilized this model system to identify the molecules involved in the process of lumen formation. For example, Brugge and co-workers (5) have shown that expression of a Her2 reporter in the normal mammary epithelial cell line MCF10A fills the interior of the lumen with rapidly dividing cells, suggesting that a key signal of terminal differentiation is either absent or over-ridden. Further work by this group has tentatively identified tumor necrosis factor-related apoptosisinducing ligand and BIM as key molecules in initiating the process of apoptosis that creates the lumen (2, 6) . Our own studies have focused on the role of carcinoembryonic antigen-related cell adhesion molecule-1 (CEACAM1), 2 a type 1 transmembrane protein, that is expressed on normal breast epithelial cells and is down-regulated in breast cancer (7, 8) . We have identified calpain-9 as a key effector of apoptosis in our model system (9) .
Because CEACAM1 is expressed on epithelial cells throughout the body and epithelial cells form the lining of lumena in most tissues, it is possible that it plays a general role in lumen formation. In man, CEACAM1 is expressed as multiple alternatively spliced mRNAs, giving rise to type I membrane proteins with 3-4 Ig-like ectodomains and long (72 amino acids) or short (12 amino acids) cytoplasmic domains (10) . All isoforms have a common N-terminal domain that regulates its cell-cell adhesion properties (11, 12) . In the case of the breast where the short cytoplasmic domain (CEACAM1-SF) predominates (7, 13, 14) , signal transduction is conveyed (in part) by a very short stretch of amino acids that interact with the actin cytoskeleton via the key residue Phe-454 (15) . Experimental proof involves transfection of MCF7 cells, which neither express CEACAM1-SF nor form a lumen in three-dimensional culture, with an F454A null mutant of CEACAM1-SF that fails to form a lumen compared with the wild type gene (15) . Further mutational analysis of the short cytoplasmic domain identified Thr-457 as another key residue that is phosphorylated during lumen formation and whose function can be abrogated if mutated to alanine along with downstream Ser-459 (15) . In that study, it was speculated that Ser-459 is a back-up phosphorylation site that becomes operational in the T457A mutant, because the phosphorylation mimic T457D permits lumen formation.
The possibility that the short cytoplasmic domain of CEACAM1 can be phosphorylated was previously addressed by Obrink and co-workers (16) who showed that protein kinase C (PKC) can phosphorylate a Thr in the rodent equivalent position of Thr-457 in the human protein. However, the rodent and human sequences are slightly different, and the human sequence lacks a critical basic amino acid that is usually required for phosphorylation of Thr or Ser by PKCs. Furthermore, a database search (NetPhosK server) of the human sequence returns no kinases with a high score, leaving us with no clear leads as to the critical kinase that phosphorylates the human sequence. Because it was possible that the kinase was induced during lumen formation as part of a larger program, we turned to a comparative gene chip analysis. MCF7 cells were transfected with either wild type CEACAM1-SF or the T457A,S459A null mutant, and the mRNA levels were compared on cells grown in the three-dimensional model for 4 days when lumen formation is most active (9) . In this analysis we identified several key proteins involved in the apoptotic process, namely calpain-9 and PKC-␦, and found that calmodulin kinase IID (CaMKIID) was elevated by 2.67-fold (log base 2) in the wild type versus the mutant transfectants. Although functional analysis of CaMKIID was not performed in that study, we were intrigued by the expression of this rather unique isoform of CaMKII and hypothesize that it may have a specific function in lumen formation. In this respect, we have previously shown that lumen formation in the three-dimensional model system involves apoptosis of the central acinar cells (4), and CaMIIKD expression induces apoptosis of cardiac myocytes (17) .
CaMKIIs are an abundant class of Ser and Thr kinases activated by Ca 2ϩ /calmodulin (Ca 2ϩ /CaM). CaMKIIs are encoded by four different genes (A, B, D, and G) expressed in the majority of cells (18) . CaMKIIA and -B, abundant proteins in the brain, are associated with synaptic processing, learning, and memory (19) . Expression of CaMKIID was implicated in apoptosis of myocardiocytes during ischemia (17) , regulation of vascular smooth muscle polarization and migration (20) , and down-regulation in breast cancer tumor cells (21) . In addition, CAMKII in the absence of CaM can bind G-actin and bundle F-actin (22) . Intrigued by the functional relevance of CaMKIID to apoptosis and cancer, its up-regulation in our comparative gene chip analysis, and the fact that CEACAM1 binds CaM (23, 24) and G-actin (15) , we decided to explore the possibility that CaMKIID may be responsible for the phosphorylation of Thr-457 in CEACAM1-SF and may play an essential role in lumen formation.
We found that recombinant CaMKIID was indeed capable of phosphorylating a synthetic peptide comprising the short cytoplasmic domain of CEACAM1, whereas PKCs and other kinases tested had little or no activity toward this substrate. CaMKIID was able to phosphorylate a biotinylated and T457Cmodified SF peptide in the presence of a kinase trap previously described by Shokat and co-workers (25) . The up-regulation of CaMKIID during lumen formation was confirmed, as well as the ability of RNAi to inhibit both its up-regulation and lumen formation. We conclude that CaMKIID plays an essential role in lumen formation in this model system and that Thr-457 in the short cytoplasmic domain isoform of CEACAM1 is likely a critical target of this kinase.
EXPERIMENTAL PROCEDURES
Materials-Monoclonal antibodies anti-CaMKIID and anti-PKC␦ were from Abnova (Taipei, Taiwan); polyclonal anti-PKC␦ was from Santa Cruz Biotechnology (Santa Cruz, CA); anti-␤-actin was from Abcam (Cambridge, MA); anti-biotin was from Thermo Scientific (Lafayette, CO). Anti-CEACAM1 antibody T84.1 was previously described (24) . Anti-Thr(P)-286 CaMKIID was from Cell Signaling Technology (Beverly, MA). Infrared-labeled IRDye secondary antibodies were from LI-COR Biotechnology (Lincoln, NE). Stealth RNAi siRNA oligonucleotide RNAi-negative control medium GC duplex, Lipofectamine RNAiMAX transfecting reagent, and Opti-MEM I reduced serum medium were from Invitrogen: 1) 5Ј-UCUGU-GACCCAGGCCUUACUGCUUU-3Ј; 2) 5Ј-ACAUGGAUGG-CAGUGGAAUGCCAAA-3Ј; 3) 5Ј-GGAUCAUCAGAAACU-AGAAAGAGAA-3Ј. pcDNA3/CEACAM1-4S-eGFP plasmid and CEACAM1-SF synthetic peptides and GST-CEACAM1 cytoplasmic domain fusion proteins were prepared as described previously (24) . Calmodulin antagonist W7 (N-(6-aminohexyl)-5-chloro-1-naphthalenesulfonamide), CaMKII-specific inhibitor KN-93, and inactive analog KN-92 were from Calbiochem. Recombinant CKI, CKII, and CaMKII were from New England Biolabs (Ipswich, MA). Recombinant CaMKIIB, -B2, and -D and PKC mixtures were from Invitrogen. The recombinant kinase trap cross-linker was synthesized according to Maly et al. (25) . A CaMKII peptide substrate corresponding to residues 1-10 of glycogen synthase was from Santa Cruz Biochemicals (catalog sc-3119).
Cell Lines-The human mammary adenocarcinoma cell line MCF7 was obtained from ATCC (HTB-22). MCF7 cells were cultured in minimal essential medium supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin/amphotericin B, 1% sodium pyruvate, 2% sodium bicarbonate, and 1% nonessential amino acids.
Transfection-The cloning of CEACAM1-SF into the pH␤actin expression vector, as well as construction and expression of the double null mutant of the cytoplasmic domain of CEACAM1-SF, (T457A,S459A), was described previously (24) .
Matrigel Culture and Inhibition Studies-The three-dimensional Matrigel (BD Biosciences) sandwich assay has been pre-viously described (15) . Briefly, 10-ml culture dishes were coated with 1 ml of Matrigel and incubated at 37°C for 30 min until the Matrigel solidified, and cells (1 ϫ 10 6 ) in 10 ml of mammary epithelial basal medium plus pituitary gland extract (Lonza Group, Ltd.) were added to each well. After 3 h of incubation, the floating cells were removed, and the bound cells were overlaid with 1 ml of 50% Matrigel in mammary epithelial basal medium plus bovine pituitary extract. At day 4, the acini were recovered by adding 10 ml of dissolving solution (BD Biosciences) into each dish and incubated at 4°C for 3 h by gentle rotation. The cells were harvested and RNA isolated for RT-PCR analysis. For inhibition of lumen formation with KN93 (or KN92 control) or W7, 12-well plates were used. Each well was coated with 250 l of 100% Matrigel, and cells (1 ϫ 10 5 ) were seeded into each well and coated with 50% Matrigel as above. Inhibitors (KN-93 or KN92 or W7 or DMSO control, 30 l in DMSO) were added to media (3 ml) and changed every other day. After 6 days of incubation, lumen formation was scored under an inverted light microscope. Statistical analysis was performed using Fisher's exact test.
For RNAi inhibition, cells were transfected with Stealth RNAi siRNA oligos using the Lipofectamine RNAiMAX-transfecting reagent (Invitrogen). Briefly, cells were split, seeded at 50% confluence in T25 flasks overnight, and washed twice with 1ϫ PBS prior to the treatment. Stealth RNAi and siRNA oligos (100 nM) and transfection agent (1:100 dilution) were separately diluted in Opti-MEM I reduced serum medium, mixed, and then incubated together for 20 min before addition to the cells. After 6 h, without removing the transfection solution, cells were added back to minimal essential medium with 10% fetal bovine serum overnight, harvested, and transferred to Matrigel for the lumen formation assay.
RT-PCR and Quantitative PCR-Total RNA was extracted from cells using the TRI Reagent (Molecular Research Center, Cincinnati, OH) according to the manufacturer's instruction. From 1 g of each total RNA, 20 l of cDNA was synthesized with a OMM iSCRIPT RT kit (Qiagen, Valencia, CA). PCR was performed with the iCycler Thermal Cycler (Bio-Rad) for 35 cycles at 55°C annealing temperature. The FideliTaq TM PCR master mix (United States Biochemical, Cleveland, OH) was used in each experiment to ensure tube to tube consistency in PCRs. Primers (sequence available upon request) were designed for amplification of specific genes. A glyceraldehyde-3-phosphate dehydrogenase (GAPDH) control amplimer set was used to assess RNA integrity. Reaction products (15 l) were visualized after electrophoresis in 1.4% agarose gel containing SYBR Safe DNA gel stain (Invitrogen)ϩ.
To quantitate the mRNA expression level of CaMKIIA/B/ D/G primers, were designed to carry out quantitative PCR using the CFX96 real time PCR detection system (Bio-Rad). Briefly, we amplified 1 l of cDNA from the reverse transcription reaction with 20 pmol of each primer in a total volume of 25 l using the iQ TM supermixes (Bio-Rad) and the following conditions: initial denaturation step at 94°C for 3 min, followed by 40 cycles of 94°C for 10 s and 55°C for 30 s. The fluorescence was measured at the end of the annealing step at 55°C. Subsequently, a melting curve was recorded between 55 and 95°C every 0.5°C with a hold every 1 s. Levels of mRNA were com-pared after correction by use of concurrent GAPDH message amplification. Samples were done in triplicate, and the values shown were normalized to their own GAPDH readings.
Immunoblotting and Immunoprecipitation-Cells were lysed with lysis buffer (10 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1 mM EDTA, 1 mM EGTA, 50 mM NaF, 1 mM PMSF, 1 mM Na 3 VO 4 , 0.05% sodium deoxycholate, 10% glycerol, 1% Triton X-100, and proteinase inhibitor mixture (Roche Applied Science) on ice for 30 min, and protein concentration was determined using the Bio-Rad protein assay. Fifty micrograms of protein from each sample were resolved by SDS-gel electrophoresis and immunoblotted with appropriate primary and infrared-labeled IRDye secondary antibodies. Immunoprecipitation of CEACAM1 was performed with anti-CEACAM1 mAb 26H7 (a kind gift of R. Blumberg) using Pierce protein A/G Plusagarose (Thermo Scientific, Rockford, IL) per the manufacturer's protocol. Detection was carried out using the Odyssey infrared imaging system (LI-COR Biotechnology, Lincoln, NE) according to the manufacturer's instruction.
In Vitro Phosphorylation and Mass Spectrometry-Two micrograms of GST fusion proteins, including CEACAM1long cytoplasmic domain (GST-LF) and CEACAM1-short cytoplasmic domain (GST-SF), were subjected to in vitro phosphorylation by dioleoyl-rac-glycerol/phosphatidylserine-activated purified recombinant PKC at 5 units/ml (Sigma) with 50 nM [␥-33 P]ATP (PerkinElmer Life Sciences), followed by addition of 125 M cold ATP, separated on NuPAGE Novex 4 -12% BisTris gel (Invitrogen), and autoradiographed to locate the 33 P-phosphorylated protein bands. A duplicate gel was stained by GelCode Blue Stain Reagent (Thermo Fisher Scientific) to visualize total protein loaded.
Calmodulin-activated CaMKII/B/D, phosphatidylserine-activated PKC mix/B2/D (Invitrogen), and casein kinase 1/2 (New England Biolabs Inc.) were used to carry out in vitro phosphorylation of CEACAM1-SF synthetic peptides. Briefly, 50 M of synthetic peptides were mixed with activated kinases in the presence of 100 -200 M ATP at 30°C for 2 h. Phosphorylated peptides were acidified to pH 4 with acetic acid, captured on nickel-nitrilotriacetic acid silica resin (Qiagen, Inc., Valencia, CA), collected on ZipTips (Millipore), eluted onto stainless steel sample plates, and co-crystallized with 2,5-dihydroxybenzoic acid as the matrix-assisted laser desorption ionization (MALDI) mass spectrometry (MS) matrix. Single-stage mass spectrometric analyses were performed with a Protof 2000 MALDI-quadrupole (MALDI-Q)-time-of-flight instrument (PerkinElmer Sciex, Framingham, MA), and multistage mass spectrometric fragmentation spectra were obtained with a prototype MALDI-Q-ion trap as described previously (26) . Spectra were analyzed by m/z Moverz software (ProteoMetrics, LLC, New York). Additional mass spectral analyses were performed on a Thermo Electron LTQ-FT-MS hybrid linear ion trap mass spectrometer.
Kinase Trap Assay-The kinase trap was based on the principle of having an ATP analog with a dialdehyde to cross-link the active site lysine of a kinase and a cysteine of a peptide substrate in which cysteine replaced the target Ser or Thr residue (25) . The CEACAM1-SF peptide was synthesized with biotin at the N terminus and Cys replaced Thr-457 (biotin-His-Phe-Gly-Lys-Cys-Gly-Ser-Ser-Gly-Pro-Leu-Gln-COOH). Glycogen synthase peptide ( 1 PLSRTLSVSS 10 ), a known CaM-KII substrate, was used as a positive control. In the presence or absence of 100 M cross-linker dialdehyde, peptides at 20 M were incubated with activated purified kinases or 4-day Matrigel cell lysates in kinase assay buffer (25 mM HEPES, pH 7.5, 150 mM NaCl, 2 mM MgCl 2 , 100 M 2-mercaptoethanol) for 1 h at room temperature and quenched with SDS sample loading buffer afterward. The sample mixtures were resolved by Nu-PAGE Novex 4 -12% BisTris gel and then either silver-stained with SilverQuest TM staining kit (Invitrogen) or transferred and Western-blotted with appropriate antibodies. In-gel kinase trap assays were carried out under the same principle, except that the activated purified kinases or 4-day Matrigel-grown cell lysates were first resolved natively by NuPAGE Novex 4 -20% Tris glycine with Tris glycine running and native sample buffer. The gels were then denatured (50 mM Tris-HCl, pH 8.0, 20 mM DTT, 6 M guanidine hydrochloride), renatured (50 mM Tris-HCl, pH 8.0, 5 mM DTT, 0.04% Tween 20, 100 mM NaCl, 5 mM MgCl 2 ), incubated in kinase assay buffer (20 mM HEPES, pH 7.7, 10 mM MgCl 2 , 2 mM DTT, 0.1 mM EGTA), washed with Tris glycine transfer buffer with 20% MeOH, pH 10.5, transferred, and Western-blotted with appropriate antibodies. Detection was carried out using the Odyssey infrared imaging system (LI-COR Biotechnology, Lincoln, NE) according to the manufacturer's instruction.
Kinase Enrichment Assay-The kinase enrichment kit (Thermo Fisher Scientific) was used to selectively label and enrich for kinase using a nucleotide derivative desthiobiotin-tagged ATP per the manufacturer's instructions. Briefly, lysates from MCF7 cells that had been stably transfected with CEACAM1-4S and grown in Matrigel for 0 -4 days were buffer-exchanged with reaction buffer, labeled with 5 or 20 M desthiobiotin-ATP, captured on high capacity streptavidin-agarose resin, washed, and eluted with SDS reducing sample buffer by boiling. Eluted proteins were analyzed by SDS-PAGE and Western blot analysis.
Confocal Microscopy and Halo-tagged Samples-For co-localization of CEACAM1 and CaMKIID, pCDNA3/CEACAM1-4S-eGFP and pFN21A HaloTag CMV Flexi-CaMK2D (Promega Corp., Madison, WI) MCF7 stable transfectants were grown in 12-well plates in Matrigel. For detection and visualization, N-terminal Halo-tagged CaMK2D was stained with HaloTag TMR fluorescent ligand per manufacturer's protocol. Plates were observed on a Zeiss LSM 510 inverted confocal microscope.
RESULTS

Phosphorylation of GST-CEACAM1 Cytoplasmic Domain
Fusion Proteins-In previous work, we showed that GST-CEACAM1 cytoplasmic domain fusion proteins could be used to study the interaction of these domains with actin (15) . We reasoned that they may also act as substrates for protein kinase assays. As shown in Fig. 1 , a mixture of PKCs was able to phosphorylate the GST-CEACAM1-LF fusion protein but not the GST-CEACAM1-SF. This result contrasts with the finding that PKCs were able to phosphorylate the rodent version of CEACAM1-SF (16) . This result is not unexpected because the human version does not have the appropriate consensus sequence for PKC phosphorylation. Because we were not interested in the phosphorylation of CEACAM1-LF, which has multiple serines in its 72-amino acid domain and is a minor expressed isoform in the breast, we did not perform further studies on the LF isoform. In addition, we were concerned that when testing additional kinases, we would encounter problems by phosphorylation of GST itself, potentially confounding our study. Therefore, further work was performed on synthetic peptides.
Phosphorylation of CEACAM1-SF Synthetic Peptides-Because the exact start of the cytoplasmic domain of CEACAM1-SF is in doubt and may depend on its association with membrane lipids (27) , the peptide was synthesized with N-acyl-mercaptoundecanoic acid. The inclusion of N-acyl-mercaptoundecanoic acid was predicated on its ability to insert this peptide into liposomes or to form micelles, thus mimicking the lipid microenvironment (15) . The peptide was then mixed with kinase and appropriate cofactors, including ATP, calcium, and/or lipid as required, and the product was analyzed by MALDI-TOF MS over time. In most cases, the major peak observed corresponded to the intact peptide with and without a sodium adduct (as expected from the use of sodium phosphate buffers). The peak height of phosphorylated products was compared with unphosphorylated species to calculate the maximum phosphorylation. Because the peptide contains two serine residues in addition to Thr-457, several monophosphorylated peptides were synthesized as substrates to determine whether various kinases could diphosphorylate the peptide or whether a monophosphorylated version was preferred. The results shown in Table 1 demonstrate that among the kinases tested CaMKIID had the highest activity toward the wild type peptide, although CKI had the highest activity toward monophosphorylated Thr-457. CaMKIID also had some activity toward monophosphorylated Thr-457 and Ser-459, although none of the kinases were able to triphosphorylate the diphosphorylated substrate. Notably, CaMKIIB and a mixture of isozymes (CaMKII) had activity, but 2.5-fold less than CaMKIID (Table  1 ), suggesting the possibility that CaMKIIB or holoenzymes . The sequences of the short form and long form (partial sequence shown, full sequence is 72 amino acids) are shown for comparison (both contain the critical Thr-457 shown in red but in a different context). In the presence of PKC, only GST-LF (control) is highly phosphorylated.
with a mixture of isoforms may play a minor role in CEACAM1-SF phosphorylation. A representative series of mass spectra from the analysis of CaMKIID with several of the peptide substrates are shown in Fig. 2 . In Fig. 2 (lower panel) , the protonated molecular ion (MH ϩ ) and sodium adduct (MNa ϩ ) both gain 80 atomic mass units after treatment with CAMKIID as expected for the phosphorylated products with an approximate yield of 50% (Table 1 ). In Fig. 2 (middle and upper  panels) , the monophosphorylated peptides form minimal amounts of diphosphorylated products (indicated by arrows). The loss of phosphoric acid from the starting material, which occurs in the mass spectrometer, is typical of phosphopeptides and did not affect the analysis. After completing these studies, we were requested during the review to determine whether CaMKIID was able to phosphorylate the T457A mutant version of the peptide. Indeed, this peptide was phosphorylated to the extent of 25% on Ser-459, as confirmed by MS/MS analysis on an LTQ-FT hybrid linear ion trap mass spectrometer (data not shown). This result confirms our previous study that showed it is necessary to mutate both Thr-457 and Ser-459 to completely block lumen formation of CEACAM1-SF-transfected MCF7 cells (15) . Although these data suggest that CaMKIID is the leading candidate for phosphorylation of the wild type peptide, confirmatory studies are required.
Kinase Trap Assays for CEACAM1-SF Peptides-Shokat and co-workers (25) have developed a mechanism-based kinase trap for the identification of novel kinases. This intriguing method involves synthesis of the peptide substrate with a cysteine residue in place of the target Ser or Thr and an N-terminal biotin to allow recovery of the "trapped" peptide for further analysis. The trapping is performed by co-incubation of the peptide and kinase with a reagent that incorporates an ATP analog that binds the kinase with a dialdehyde linker that reacts with the thiol of the peptide and the amino group of an essential lysine found in the active site of all kinases. To test the ability of the approach to identify which kinase phosphorylates CEACAM1-SF in vivo, we synthesized the cross-linker reagent and the biotinylated CEACAM1-SF peptide with the substitution T457C (Biotin-His-Phe-Gly-Lys-Cys-Gly-Ser-Ser-Gly-Pro-Leu-Gln-COOH) and incubated them with several recombinant kinases, including CaMKIID. A second peptide corresponding to a known CaMKII substrate (glycogen synthase 1-10) was used as a positive control. Fig. 3A demonstrates that a mixture of purified baculovirus recombinant rat truncated CaMKIIs can trap either a known peptide substrate or the CEACAM1 SF peptide when analyzed by SDS-gel electrophoresis. Similar studies with known substrates for casein kinase I (CKI) also demonstrated that the "trap" worked efficiently (data not shown). Next, we incubated lysates from vector or wild type CEACAM1-transfected MCF7 cells grown in Matrigel for 4 days with the CEACAM1-SF peptide plus or minus the ATP-trap reagent. After incubation, proteins were separated by SDS-gel electrophoresis and Westernblotted with anti-biotin antibody. The minus ATP-trap control results shown in Fig. 3B demonstrate that most of the peptide migrates to the bottom of the gel with two weak bands at 30 and 48 kDa for the vector control. These two bands coincide with the known molecular masses of CKI and several of the isoforms of CaMKIID. In contrast to the vector control, the wild type control shows an increase in the intensity of the 48-kDa band, a result that may indicate an SDS-resistant association of the CEACAM1-SF peptide with CaMKIID, based on the molecular size. In the experiment where the incubations included the ATP-trap, similar bands were observed but were more intense, indicating that the ATP-trap increased peptide association, as expected for the formation of a covalent bond between the kinase and the peptide. When comparing the vector versus the wild type-transformed cell lysates, we observed the appearance of a new band at 59 kDa, an expected size for isoforms of CaMKIIB. Because there are a large number of kinases present in the cell and CaMKII has 10 subunits that may include different isozymes (28), we cannot prove by this analysis alone that a specific kinase has been positively identified. However, we can conclude that the results are consistent with the appearance of bands at 48 and 59 kDa, corresponding to the correct molecular sizes for CaMKIID and -B.
To make a positive identification of the bands tentatively identified for CaMKIID and CKI, vector and wild type CEACAM1-SF-transfected MCF7 lysates were incubated with peptide and cross-linker; proteins were separated by SDS-gel electrophoresis and immunoblotted with antibodies to CaMKIID or CKI (Fig. 3C ). In the case of CaMKIID, the kinase was trapped to a larger extent in WT-transfected versus vector controls. Although the immunoblot is less conclusive for CKI, perhaps due to the use of a less specific polyclonal antibody, a similar result was observed.
Although the kinase trap approach was originally developed for cell lysates preincubated with peptide and ATP-trap followed by separation on SDS gels, it suffers from the fact that many kinases may be inactivated during cell lysis or may nonspecifically react with the peptide substrate. We reasoned that the kinase trap could be combined with other approaches in which the kinases were maintained in a more active form and pre-separated from other proteins. One such approach is the "in-gel" kinase assay that involves running a cell lysate into a native gel, followed by a denaturation-renaturation step to refold proteins (29) . We performed the in-gel kinase approach followed by incubation of the renatured gel with the ATP-trap reagent and peptide substrate. The gel was then soaked in SDS and transferred to nitrocellulose for Western blot analysis with an anti-biotin antibody. The results shown in Fig. 4A shows two 
Phosphorylation of CEACAM1-SF synthetic peptides
Synthetic peptides corresponding to the N-acyl-mercaptoundecanoic acid 12amino acid cytoplasmic domain of CEACAM1-SF (WT) or the monophosphorylated Thr-457 (Thr(P)-457) or Ser-459 (Ser(P)-459) or the diphosphorylated Thr-457, Ser-459 (Thr(P)-457-Ser(P)-459) derivatives were incubated with the indicated kinases, including ATP and any required factors, and analyzed by mass spectrometry as described under "Experimental Procedures" (percent conversion to phosphorylated forms reported). strong bands found in lysates from cells transfected with wild type (WT) CEACAM1-SF but not the vector control. Because the vector control-transfected cells failed to form lumena in Matrigel, the results identify two potential kinases that were activated by CEACAM1-SF in MCF7 cells grown in three-dimensional culture. Although the migration of the two crosslinked bands correspond to the migration of authentic CaMKIID and CKI, the low resolving power of native gels prevents us from making unequivocal identifications. Nonetheless, the specificity of the trap for CEACAM1-SF-transfected cells was demonstrated, further strengthening the case for selecting CaMKIID as a possible candidate for the in-cell phosphorylation of CEACAM1-SF during lumen formation. A further analysis was performed using the kinase enrichment kit from Thermo Scientific. In this approach, the cell lysate was incubated with a desthiobiotin derivative of ATP, which in the presence of an activated kinase reacts with lysine at its active site forming a covalent bond between desthiobiotin and lysine. The kinase desthiobiotin adduct is purified on streptavidin beads, separated by SDS-gel electrophoresis, and Western-blotted with anti-kinase antibodies. Although this approach is not substrate-specific (i.e. no peptide substrate was added), it can demonstrate the presence of an active kinase in the analyzed lysate. As shown in Fig. 4B , we identified a timedependent activation of PKC-␦, a kinase we previously associated with lumen formation in these cells (9) , and an additional band for CaMKIID. Furthermore, both bands were more strongly detected in lysates from CEACAM1-SF-transfected cells than in vector controls. Taken together the three approaches indicate that CaMKIID merits further consider-ation as a kinase associated with both CEACAM1-SF expression and lumen formation.
Kinase
Expression of CaMKIID in Cells Undergoing Lumen Formation-As stated earlier, CaMKIID was selected as a possible candidate for the phosphorylation of CEACAM1-SF based on its increased expression in a comparative gene chip assay. Because these assays often exaggerate the fold changes in mRNA levels and do not necessarily reflect changes in protein levels, the mRNA and protein levels of CaMKII genes were analyzed by RT-PCR and Western blot analysis. As seen in Fig.  5A , none of the cells tested expressed the CaMKIIA mRNA, although all the cells tested (vector control and wild type CEACAM1-SF) expressed the CaMKIIB, -D, and -G mRNAs. Quantitative PCR analysis for CaMKIID revealed an expression maximum for this gene product at day 4 (Fig. 5B) , whereas the other isoforms showed no trend (data not shown). When a similar time course analysis was performed by immunoblotting for CaMKIID, a major band was observed that increased with time, suggesting that this gene product was specifically induced at the protein level compared with vector control (Fig. 6A ). Because multiple splice forms for the CaMKIID gene are known (28) and the Western blot detects 2-3 gene products, only one of which is overexpressed during lumen formation, we conclude that a distinct splice form of CaMKIID may be involved. However, sequence analysis of the cDNAs made from the mRNA isolated from CEACAM1-SF-transfected MCF7 cells revealed that all nine CaMKIID splice isoforms were found (data not shown).
In order for CaMKIID to phosphorylate CEACAM1-SF, the two proteins must co-localize, however briefly, at some stage of lumen formation. To determine the stage, CEACAM1-GFP fusion protein-transfected MCF cells (15) were co-transfected with a Halo-CaMKIID fusion protein that can be detected with HaloTag TMR fluorescent ligand (see under "Experimental Procedures" for details). In this analysis we found the two proteins co-localized at the two-cell stage of cell aggregation in three-dimensional culture (data not shown). Further analysis of the time course of lumen formation was made difficult by the tendency of the overexpressed CaMKIID to inhibit acinus formation.
Knockdown of CaMKIID by RNAi Blocks Lumen Formation-
To test the functional role of CaMKIID in lumen formation, several RNAi oligos that target CaMKIID were transfected into MCF7 cells expressing CEACAM1-SF. As shown in Fig. 6B , all three oligos tested reduced CaMKIID expression by Ͼ90%, although two controls (low GC RNAi and Lipofectamine only) had minimal effects. When the RNAi-treated cells were tested for lumen formation in three-dimensional culture, oligo 2 reduced lumen formation to 15% compared with 93% lumen formation for no treatment, 81% for the transfection reagent control, and 67% for the RNAi transfection control (Table 2) . Notably, oligo 1 was no better than the RNAi control, although oligo 3 had intermediate lumen formation (39%), suggesting a range of efficiency for these oligos in three-dimensional culture. A representative microscopic view of the resulting acini for a control versus oligo 2-treated cells is shown in Fig. 7 . These results confirm the hypothesis that CaMKIID plays an essential role in lumen formation in the three-dimensional model system.
Inhibition of CaMKII with KN93 or W7 Blocks Lumen Formation-To test the effect of pharmacological inhibitors of
CaMKII on the ability of CEACAM1-SF-transfected MCF7 cells to form lumena in three-dimensional culture, the cells were treated with either KN93, a specific CaMKII inhibitor, DMSO vehicle, or KN92, an inactive analog of KN93. Cells treated with vehicle or two different doses of KN92 formed lumena (Ͼ80%), although lumena were blocked in a dose-dependent manner with KN93 ( Table 2) . Although KN93 is not specific for CaMKIID, these data confirm the importance of CaMKII in lumen formation. Further studies were also performed with W7, a generic CaM antagonist that prevents the binding of CaM to its target proteins. Similar to KN93, this inhibitor caused a dose-related decrease in lumen formation for CEACAM1-SF-transfected MCF7 cells grown in a 4-day culture ( Table 2) . , and the products were separated by SDS-gel electrophoresis and silver-stained. The bands corresponding to unmodified and peptide cross-linked to CaMKII are shown with arrows. B, lysates from MCF7 cells transfected with vector (V) or wild type CEACAM1-SF (WT) and grown in three-dimensional culture for 4 days were incubated with biotin-T457C-peptide plus or minus ATP crosslinker, purified by streptavidin beads, and proteins were separated by SDS-gel electrophoresis and Western-blotted with anti-biotin. Bands corresponding to CKI, CaMKIID, and CaMKIIB are indicated with arrows. C, same experiment as in B except gels were immunoblotted with antibodies to either CaMKIID or CKI (indicated by arrows).
Phosphorylation of CaMKIID and CEACAM1-SF during
Lumen Formation-Upon binding CaM, CaMKII kinases become activated by autophosphorylation of Thr-286 (28). Thus, it was of interest to determine whether this residue was phosphorylated in CEACAM1-SF-transfected MCF7 cells undergoing lumen formation in three-dimensional culture. Lysates from WT, but not from vector control or T457A,S459A double mutated CEACAM1-SF, showed high levels of both CaMKIID and Thr(P)-286 of this kinase in 4-day three-dimensional cultures when lumen formation is most active (Fig. 8) . A similar result, but to a lesser extent, was found for the cells cultured on plastic. In addition, we asked if Thr-457 of CEACAM1-SF was phosphorylated under these conditions and if inhibition by either RNAi or the CaM inhibitor KN93 affected its levels of phosphorylation. As shown in Fig. 9 , the level of phospho-Thr was reduced by about 50% in the presence of either RNAi oligo 2 or KN93, but not by RNAi oligos 1 or 3 or KN92 ( Fig. 9 ), in agreement with the percent lumen inhibition results ( Table 2 ). It should be noted that we have no phosphospecific antibodies for CEACAM1-SF and that due to its extensive glycosylation (over 50%) and the need to use polyclonal antibodies for phospho-Thr, the immunoblot bands are quite diffuse. Nonetheless, they agree well with our previous studies on phospho-Thr levels that show increased phospho-Thr on CEACAM1-SF in MCF7 cells undergoing lumen formation (15) . Immunoblot analysis with phospho-Ser antibodies was inconclusive, suggesting that phosphorylation of Ser-459 is a minor site.
DISCUSSION
Early on, we were struck by the fact that CEACAM1-SF was expressed lumenally in normal breast and down-regulated in breast cancer, especially in the invasive front lacking lumen formation (8) . This observation took on phenotypic meaning in the normal breast cell line MCF10F, a variant of the more popular MFC10A line, which expressed CEACAM1-SF and formed a lumen in three-dimensional culture, while silencing of CEACAM1 with antisense abrogated this lumen formation (8) . The logical reverse experiment was to take a cell line that did not express CEACAM1 nor form a lumen in three-dimensional culture and reinstate this phenotype by forced expression of the CEACAM1 gene. Because this is exactly what we showed with MCF7 cells, including the documentation that lumen forma-tion required apoptosis of the central acinar cells (4), we were left with a puzzle, namely how could a protein with only 13 amino acids in its cytoplasmic domain signal the crucial downstream information that results in lumen formation? The first part of that answer came with the observation that a critical Phe, namely Phe-454 in the cytoplasmic domain, was required and allowed CEACAM-SF to interact with G-actin (24) . Because G-actin is always present in the cell, the next puzzle was to determine the molecular switch that triggered the interaction. Not surprisingly, the answer involved Ca 2ϩ mobilization, revealed in physical studies that showed that Phe-454 likely resides in the membrane in the absence of cytosolic Ca 2ϩ but flips out in its presence (27) . This finding also fit with the prior work of Obrink and co-workers (23) who showed that inactive dimeric CEACAM1 was converted to its active monomeric form by interaction with Ca 2ϩ /CaM. However, that observation seemed to preclude its interaction with actin or, at the very least, require a subsequent displacement step. A clue to how that could come about was our further observation that CEACAM1-SF also required phosphorylation of Thr-457 to form a lumen (15) . That possibility had also been explored by Obrink and co-workers (16) who showed that cytoplasmic domain Ser/Thr residues could be phosphorylated by PKCs in rodent CEACAM1-SF. However, there was a problem with the human version of CEACAM1-SF; it did not have the requisite PKC consensus sequence, and the Thr/Ser residues did not phosphorylate well in their study (16) . As shown by multiple lines of investigation, the evidence points to CaMKIID as the relevant kinase for phosphorylation of human CEACAM1-SF. This conclusion is supported by several facts. First, we see scant expression of this kinase in wild type, CEACAM1-negative MCF7 cells that fail to form a lumen in three-dimensional culture, yet when CEACAM1-SF is present, these cells begin to express the kinase in a time-dependent manner that coincides with lumen formation. This particular CaMKII, one of several in the CaMKII gene family, has a limited tissue distribution and is uniquely expressed in stressed myocardiocytes undergoing apoptosis (30) . Similarly, CaMKIID is only expressed in CEACAM1-SF-transfected MCF7 cells grown in three-dimensional culture under lumen-forming conditions, a process that involves apoptosis. Furthermore, when this gene is silenced with RNAi, lumen formation is abrogated suggesting that its expression is causative. Even more striking, because this kinase depends on Ca 2ϩ /CaM, blocking Ca 2ϩ /CaM binding to CaMKII by KN93 would also be expected to block lumen formation, a prediction that was validated in our study (see Table 2 ). Because CEACAM1-SF is also known to bind Ca 2ϩ /CaM (23), W7 inhibition of Ca 2ϩ binding to CaM is expected to be very potent due to its inhibition of both the kinase and CEACAM1-SF activation. The role of W7 inhibition of CEACAM1 activation in a heterologous system was recently confirmed by Patel et al. (31) who showed W7 blocked dimerization of both CEACAM1-SF and CEACAM1-LF. Importantly, this study did not include phosphorylation analysis.
Because CaMKIID and CEACAM1-SF both require Ca 2ϩ / CaM for activation and CaMKIID is ultimately required to phosphorylate Thr-457 on CEACAM-SF, one can ask what is the sequence of steps and when does G-actin bind to CEACAM-SF? One clue to the answer is that CaMKII proteins, including CaMKIID, have been recently shown to bind to G-actin in the absence of Ca 2ϩ and to bundle actin when activated by Ca 2ϩ /CaM (22) . Given that new information, one can envision a stepwise series of events that start with Ca 2ϩ release and proceeds all the way to actin binding, polymerization, and bundling at the site of CEACAM1 activation (Fig. 10) . Given the multimeric structure of CaMKIIs and their ability to bind G-actin, they are perfectly positioned to deposit large amounts of G-actin to a membrane enriched in a G-actin-binding protein such as CEACAM1-SF. However, this step must be controlled in some way to prevent a constitutive unloading of cargo. CEACAM1-SF fulfills this requirement by only binding G-actin in the presence of Ca 2ϩ by the unmasking of critical residue Phe-457 (27) . Because unmasking Phe-457 also leads to Ca 2ϩ / CaM binding, the situation is perfectly poised to simultaneously activate CaMKII by transfer of Ca 2ϩ /CaM from CEACAM1-SF to CaMKIID. Ca 2ϩ /CaM-activated CaMKIID would then phosphorylate its substrate CEACAM1-SF and transfer one G-actin to CEACAM1-SF. Because there are 14 subunits on one holoenzyme, the process could continue in an iterative manner ( Fig. 10 ). Finally, CaMKIID could bundle actin as it polymerizes along the CEACAM1-SF enriched membrane. It should be stressed that this is only a model and may need to be modified as more data on both CEACAM1-SF and CaMKIID become available. At present, we are studying the binding of Ca 2ϩ /CaM to CEACAM10SF peptides by NMR. Future studies will focus on the putative exchange of G-actin for Ca 2ϩ /CaM on CaMKIID. So far, the evidence suggests that association of CEACAM1-SF with the cytoskeleton is a key step that coordi- nates signaling from the cytoskeleton components to the apoptotic pathway. In that respect, we have already identified the involvement of additional key components, including PKC-␦, and the unusual calpain isoform calpain-9 is required for apoptosis (9) . Taken together, these data suggest the existence of an extremely complex and fine-tuned mechanism for lumen formation, not surprising given the need to respond to a large number of environmental cues, including cell-cell and cell-extracellular matrix interactions and hormones produced by the pituitary gland. Finally, the kinase requirement for CEACAM1-SF has undergone a significant evolutionary change from mouse to man. This finding further challenges us to determine why such a change was necessary and at what point in evolution did the change occur? Answers to these questions not only await further investigation but, in addition, may reveal additional biochemical differences at the level of the mammary gland between the two species.
